The coagulation process of nascent fiber of cellulose with ionic liquid 1-allyl-3-methylimidazolium chloride (AMIMCI) as the solvent was studied during drywet spinning. The diffusion rate and the crystallization situation of nascent fiber were tested, its fracture morphology was observed, and the diffusion coefficient D of solvent and the crystallization degree of nascent fiber were calculated according to relevant equations. The diffusion rate and diffusion coefficient of ionic liquid decrease with cellulose concentration increasing in spinning solution and then remain almost the same when the cellulose mass fraction reaches 7%. With the increase of coagulation bath concentration, the diffusion rate and diffusion coefficient of the solvents increase first and then decrease. When the coagulation bath concentration reaches 5%, the diffusion rate and diffusion coefficient of the solvents are at their maximum. With the increase of coagulation bath temperature and the length of air gap, the diffusion rate and diffusion coefficient of ionic liquid increase slightly. The cellulose solution concentration and the spinning air gap have an influence on the crystallization degree of nascent fiber. With the increase of cellulose solution concentration and the spinning air gap, the crystallization degree of the produced nascent fiber increases slightly, but the coagulation bath temperature basically have no influence on the nascent fiber formation.
Introduction
Cellulose is the major carbohydrate produced by plant photosynthesis, and is therefore the most abundant organic polymer produced on earth. However, the potential of cellulosic materials has not been fully exploited because cellulose cannot be dissolved in conventional solvents due to strong inter-and intra-molecular hydrogen bonding. Therefore, the multistep and polluting viscose process has long occupied the leading position in the regenerated cellulose (RC) industry. With increasing governmental regulations in industries, the need to implement "green" processes for preventing the pollution is becoming increasingly important and acting as a strong driving force to discover effective solvents for cellulose. Since the 1970s, novel solvents for cellulose have been sought to replace the viscose process such as LiCl/N,N-dimethylacetamide (DMAc),LiCl/N-methyl-2-pyrrolidine(NMP), LiCl/1,3-dimethyl-2-imidazolidinone(DMI), DMSO/paraformaldehyde (PF), Nmethylmorpholine-N-oxide (NMMO). However, these solvents have some limitations such as volatility, toxicity, cost, difficulty for solvent recovery, or instability in application.
Ionic liquid is a research hotspot in green chemistry field in recent years and the researches on the preparation and application of ionic liquid are very active. In 2002, Swatloski [1] first reported the phenomenon that cellulose can be directly dissolved in ionic liquid. Frank Hermanut [2] prepared cellulose fibers in ethyl methylimidazolium acetate (EMIMCl), and compared to NMMO process. He found that ionic liquids have great promise and great potential in the manufacture of cellulose fibers. Kosan [3] prepared cellulose fibers in different ionic liquids. Recently, Zhang's research group [4, 5] successfully synthesized AMIMCI and found that this ionic liquid has a very good dissolving capacity for cellulose. After further researches, it is discovered that its dissolving capacity even exceed 1-butyl-3-methylimidazolium chloride (BMIMCl).
With AMIMCI as the cellulose solvent, this research aims to figure out the forming process of cellulose fiber by using ionic liquid as the solvent and water as the nonsolvent.
The formation of fibers by solution spinning proceeds is very complex. So far, the research on fiber forming is still oriented at polyacrylonitrile (PAN) fiber. Early in 1968, Paul [6] discussed the spinnability and diffusion dynamics in the wet-spinning of acrylonitrile-vinyl acetate copolymer with the gel stick of PAN concentrated solution in DMAc. Afterwards, Oh [7] and Law [8] studied the coagulation process of fiber with aqueous solutions of nitric acid and sodium thiocyanate respectively. Chen [9] researched on the forming process of PAN fiber with DMSO as the solvent. Recently, Zhang [10] discussed the diffusion process of ionic liquid in PAN solution with ionic liquid as the solvent. But there are few researches on the forming process of cellulose fiber. Due to the special molecular structure of ionic liquid and the interaction of fibers, its forming and the diffusion of solvent are different from those of the traditional solvents.
Results and discussion
Cellulose Solution Concentration Figure 1 shows the diffusion rate of ionic liquid in different cellulose solution concentration at the same temperature and air gap (25 0 C, 5.2cm). The results show that the content of AMIMCI in filament decrease dramatically in the initially period of diffusion, then arrive a constant with the increase of the coagulation time. That means the diffusion rate decreases with the increase of concentration of spinning solution and the content of AMIMCI diffused from the fiber per unit time decreases with the increase of cellulose concentration. This is mainly due to the decrease of the content of AMIMCI in filament with the increase of cellulose concentration, which makes the concentration gradient of ionic liquid between cellulose solution and coagulation bath decrease and the driving force of molecular diffusion decrease, leading to the decrease of diffusion rate.
Cellulose concentrations of spinning solution have effect on the crystallization degree and structure of nascent fiber. Figure 2 is the X-diffraction curve of nascent fiber with different cellulose mass fractions. The crystallization degree of nascent fiber and diffusion coefficients of AMIMCl are showed on Table 1 . Normally, the diffusion coefficient decreases consistently with the increase of polymer concentration. From Table 1 , it can be seen that the diffusion coefficient D decreases with the increase of cellulose concentration and then remains basically the same when the cellulose solution reaches a certain concentration. The diffusion coefficient of ionic liquid is directly proportional to the diffusion rate of ionic liquid in solution. Therefore, when the diffusion rate of ionic liquid in solution decreases, the diffusion coefficient decreases too. The number of entanglement nodes among macromolecules increases with the increase of cellulose solution concentration. If such nodes increase to a certain quantity, the diffusion of ionic liquid will become very difficult. At that time, the increase of cellulose concentration in spinning solution will basically have no influence on the diffusion of ionic liquid, and the diffusion coefficient remains unchanged. The increase of entanglement nodes among macromolecules during the forming process would easily lead to crystallization, so the crystallization degree of nascent fiber increases slightly with the increase of the cellulose solution concentration. In general, the change in crystallization degree of nascent fiber is small. The cross-section photograph of cellulose nascent fibers in different cellulose concentrations is shown in Figure 3 . Figure 3 (a) indicates that the diffusion of ionic liquid is relatively fast from the filament forming many loose laminated structures. The cross-section in Figure 3 (b) is relatively compact. The structure of fiber becomes more compact in Figure 3 (c). This demonstrates that the diffusion of ionic liquid in fiber becomes slow with the increase of cellulose concentration, which is beneficial to the forming of fiber. Complying with the above experiment data, it proves the conclusion of this paper that the diffusion rate of ionic liquid decreases with the increase in concentration.
Coagulation bath temperature Figure 4 shows the diffusion rates of ionic liquid in cellulose solution with different coagulation bath temperatures at the same concentration and the length of air gap (7% and 5.2cm). It can be seen that the diffusion rate increases with the increase of coagulation bath temperature. More ionic liquid will be diffused from the fiber per unit time with the increase of coagulation bath temperature and achieves a balance at last. This is because with the increase of coagulation bath temperature, the movements of macromolecules and small molecules speed up and the number of pores of surface skin increases, which accelerate the diffusion of ionic liquid. 
Coagulation Bath Concentration
The coagulation bath concentration is the key factor that influences the final content of ionic liquid in fiber. Figure 6 indicates that the diffusion rate of ionic liquid in filament increases first and then decreases. When the coagulation bath concentration is 5%, the diffusion rate achieves the maximum. In the forming process of spinning solution, two factors make contributions to the maximum value of diffusion coefficient. First, the concentration gradient is the major driving force for ionic liquid diffusing from solution to coagulation bath and the increase of coagulation bath concentration will weaken the driving force and reduce the diffusion rate. Next, when the coagulation bath concentration is extremely low, the rapid formation of cortex will also lead to the increase of diffusion rate. The diffusion rate in Table 3 also shows this point of view. Air Gap Figure 7 shows the relations between ionic liquid and coagulation time in the same cellulose concentration (7%) and coagulation bath temperature (25 0 C) with different 7 lengths of air gap. It can be seen that the diffusion rate increases slightly with the increase of the length of air gap. This is because, on one hand, the temperature of concentrated solution filaments entering the coagulation bath decrease rapidly with the increase of length of air gap, and the difference in temperature between concentrated solution filaments on the surface of coagulation bath and the coagulation bath is relatively small, macromolecules movement in solution decreases and the diffusion rate of ionic liquid decreases too. On the other hand, when the length of air gap is relatively short, the difference in temperature between fiber and coagulation bath becomes bigger. Although the ionic 8 liquid in concentrated solution filaments is easier to diffuse, a relatively compact skin from concentrated solution filaments obstructs the inner ionic liquid of concentrated solution filaments diffusing continuously when the concentrated solution contacts the coagulation bath. The comprehensive result shows that the diffusion coefficient of ionic liquid increases slightly with the increase of the length of air gap. It can be seen from Figure 8 and Table 4 that both the diffusion coefficient of ionic liquid in fiber and the crystallization degree of nascent fiber increase slightly with the increase of the length of air gap, which indicates that when the air gap is relatively short, a more compact skin will be formed on the surface of concentrated solution filaments to obstruct the continuous diffusion of ionic liquid. Figure 9 shows the change of the structure of fiber forming in different air gap. That is, the shorter the length of air gap, the more compact the skin of nascent fiber. This also proves that the shorter the length of air gap, the smaller the diffusion coefficient. 
Conclusions
The forming process of fiber in the dry-wet spinning of cellulose fiber solution is complicated. Through the diffusion kinetic model, this paper explores the situation of fiber forming. The diffusion rate and diffusion coefficient of ionic liquid decreases with the increase of cellulose concentration in spinning solution, when the mass fraction of cellulose reaches 7%, the diffusion rate and diffusion coefficient remain basically unchanged. Under the experimental condition, with the increase in coagulation bath temperature, the diffusion rate and diffusion coefficient of ionic liquid increase slightly, with the increase of coagulation bath concentration, the diffusion rate and diffusion coefficient of solvent increase first and then decrease. When the coagulation bath concentration is 5%, the diffusion rate and diffusion coefficient of solvent achieve the maximum. With the increase of the length of air gap, the diffusion coefficient of solvent increases slightly. The cellulose solution concentration and the length of air gap have some impact on the crystallization degree of nascent fiber. With the increase of cellulose solution concentration and the length of air gap, the crystallization degree of the nascent fiber increases slightly. Whereas the coagulation bath temperature basically have no influence on the forming of nascent fiber. Therefore, the dry-wet spinning with cellulose/AMIMCI solution can form within a relatively broader technical scale, which means the coagulation bath temperature and air gap scale are relatively broader.
Experimental part

Preparation of nascent fiber
Wood pulp cellulose is provided by Jilin Chemical Fiber Co. Ltd (DP=593) and the ionic liquid AMIMCI is synthesized according to ref. [4] . Cellulose was torn into pieces. Then it was added into AMIMCI with cellulose/AMIMCl mass ratios of 6:94, 7:93 and 8:92 respectively, kept the dissolving tank temperature at 70 0 C, stirred it for 2-3 hours continuously until it was completely dissolved. The solution deaerates at 90 0 C vacuum. The spinning liquid produces nascent fiber by dry-wet spinning. The coagulation bath is water and ionic liquid solutions with mass fractures of 5%, 10% and 15%; the coagulation bath temperature is 25, 40, 50 and 60 respectively; the air gap is 3.5cm, 4.1cm, 4.8 cm and 5.2 cm respectively. The coagulated filaments were taken up at the low velocity of 10 cm/min.
Calculation of Diffusion Coefficient
Diffusion coefficient was calculated according to ref. 
Where,
0
C is a initially concentration of AMIMCl in the concentrated cellulose/AMIMCl solution, C is the concentration of coagulation bath, ) (t C is the average concentration of AMIMCl in fiber, R is the filament radial, t is the time of
